The effect of temperature on the terahertz-frequency-range material properties of lyophilized and single-crystal hen egg-white lysozyme has been measured using terahertz time-domain spectroscopy, with the results presented and discussed in the context of protein and solvent dynamical and glass transitions. Lyophilized hen egg-white lysozyme was measured over a temperature range from 4 to 290 K, and a change in the dynamical behaviour of the sample at around 100 K was observed through a change in the terahertz absorption spectrum. Additionally, the effect of cryoprotectants on the temperaturedependent absorption coefficient is studied, and it is demonstrated that terahertz time-domain spectroscopy is capable of resolving the true glass transition temperature of single-crystal hen egg-white lysozyme at $150 K, which is in agreement with literature values measured using differential scanning calorimetry. research papers J. Appl. Cryst. (2014). 47, 146-153 Katarzyna M. Tych et al. Temperature-and solvent-dependent protein dynamics 147 research papers J. Appl. Cryst. (2014). 47, 146-153 Katarzyna M. Tych et al. Temperature-and solvent-dependent protein dynamics 153
Introduction
The study of the effects of temperature and hydration on protein molecules is critical to understanding both the contribution of dynamics to protein function and the interaction between proteins and their surrounding aqueous environment (Gabel et al., 2002; Rupley & Careri, 1991; Weik, 2003) . Functionally related dynamics of protein molecules, such as those involved in ligand binding and signalling, are associated with the fast thermal fluctuations of amino acid side chains, which occur on time scales between pico-and nanoseconds. These time scales overlap with those probed by terahertz time-domain spectroscopy (THz-TDS) (from 0.14 to 3.3 ps in this work).
The electric field of the THz radiation will interact with motions within the system that cause a change in dipole moment (Decius & Hexter, 1977) . In simple molecular crystals this has been shown to take the form of a summation of lowfrequency harmonic normal modes, which can be approximated by Lorentzian dipoles (Burnett et al., 2013; Lipps et al., 2012) . In liquids or amorphous systems that show no longrange order, and thus no low-frequency collective vibrational normal modes, rotational motions on these time scales are linked with the dielectric permittivity of the system and are often represented by a summation of Debye relaxations (Schrö der & Steinhauser, 2010; Lipps et al., 2012) or a Havriliak-Negami function (Schrö der & Steinhauser, 2010; Sun et al., 2012; Sibik et al., 2013) . The translation counterpart to the dielectric permittivity is known as the dielectric conductivity and will further contribute to the observed THz dielectric response (Schrö der & Steinhauser, 2010; Lloyd-Hughes & Jeon, 2012) . It should also be noted that the observed THz dielectric spectrum will not simply be a summation of its component parts but in fact a complex mixture which can often only be decomposed using an effective medium theory (Vinh et al., 2011) , if the dielectric response of many of its component parts are already known. Thus the observed THz spectrum is a complex measure of the vibrational and relaxational processes occurring over a time scale of 100 fs to $4 ps. Even in the case of THz spectra of bulk water, there is much discussion as to whether a double or triple Debye model is best, or whether harmonic Lorentz resonances should also be included (Beneduci, 2008) . In fact it is often very difficult to deconvolve the components of the spectra without complex theoretical calculations (Schrö der & Steinhauser, 2010) . THz-TDS has, however, been previously used to study proteins in solution (Luong et al., 2011) , hydrated thin films Whitmire et al., 2003) , dry powders (Markelz et al., 2002; Zhang et al., 2004) and, recently, the single-crystal form (Tych et al., 2011) . The results of these studies have demonstrated the sensitivity of THz-TDS to light-activated conformational changes in photoactive proteins (Castro-Camus & Johnston, 2008) , the ability to distinguish between proteins in the wild-type form and those with single-point mutations (Whitmire et al., 2003) , and the detection of functionally related hydration-and temperaturedependent transitions in the dielectric properties of protein samples . The temperature-dependent change at $180 K in proteins is often referred to as the 'protein glass transition' (Green et al., 1994; Ringe & Petsko, 2003) ; for clarity, in this article we will refer to this as a 'dynamical transition' instead (Doster et al., 1989) , to distinguish it from a true glass transition.
In our work, variable-temperature measurements of hen egg-white lysozyme (HEWL) crystals were performed using THz-TDS, employing both cryoprotected and unprotected single crystals, to assess whether the true glass transition and dynamical transitions of these crystals can be detected using THz-TDS. Variable-temperature measurements of protein single crystals of HEWL were conducted at temperatures from 127 to 290 K using a nitrogen-cooled cryostream. We also performed complementary measurements on lyophilized HEWL pellets over a temperature range from 4 to 290 K using a continuous-flow helium-cooled microstat.
Materials and methods
The experimental arrangement used for THz-TDS in this work was as previously described (Tych et al., 2011) . The entire THz beam path was inside a dry-air-purged sealed container, to prevent water vapour absorption from influencing the resulting sample spectrum.
For pressed pellet samples, lyophilized HEWL powder (three times crystallized, Sigma-Aldrich, UK) was used without further purification. Pellets with concentrations of 25, 50, 75 and 100%(w/w) HEWL were prepared using 1 mm particle size polytetrafluoroethylene (PTFE, Sigma-Aldrich) as a matrix material. The matrix material, which has very low absorption in the THz frequency range, was used to dilute the highly absorbing protein sample. This concentration series was used in order to determine the maximum concentration of protein in the pressed pellet sample before the detected THz signal dropped below the noise floor of the system, as is standard. The protein and matrix mixtures were pressed into copper rings as described in earlier work (Shen et al., 2004) . Pellets were immediately mounted inside the dry-air-purged box, maintaining the hydration level at that of a lyophilized powder. They were positioned in a continuous-flow heliumcooled cryostat (He-Microstat, Oxford Instruments, UK), providing temperature control between 4 and 290 K. The temperature step size in the measurements was 10 K (except for the first step from 4 to 20 K). The measurement at each temperature step was recorded in triplicate and took 3 min.
For protein single crystals, HEWL (Sigma-Aldrich, three times crystallized) was used without further purification and dissolved in 0.1 M sodium acetate buffer pH 4.8, to a concentration of 50 mg ml À1 . Sitting-drop vapour diffusion crystallization was then performed [0.1 M sodium acetate buffer pH 4.7-5.0, 8%(w/v) with NaCl as the precipitant] using 10 ml drops, comprising 5 ml of protein solution and 5 ml of reservoir solution, following an established protocol (Alderton & Fevold, 1946) . Tetragonal crystals with volumes ranging from $0.05 to $1 mm 3 were obtained within three weeks. Tetragonal HEWL crystals have a solvent content of 36.31%, calculated using the Matthews (1968) coefficient, with solvent channels of between 1 and 2.5 nm in diameter (Falkner et al., 2005) .
Half of the HEWL crystals were cryoprotected by submerging them for 60 s in a droplet containing 20%(v/v) glycerol in reservoir solution from the well above which the crystal was grown. The crystals were transferred using mounted cryoloops (Hampton Research) onto the surface of a pinhole aperture (300 mm diameter, Edmund Optics), and excess liquid was removed, before they were flash cooled under the nitrogen cryostream (Oxford Cryosystems) at a temperature of 127 K. The purged atmosphere prevented crystallization of water from the surrounding air on the surface of the sample. The cryostream provided sample temperatures between 127 and 290 K. The temperature of the metal aperture at the sample position was calibrated using a PT100 thin-film temperature sensor (126-6923, Farnell, UK). The position of the pinhole aperture was then optimized for maximum THz transmission. The dimensions of each crystal were measured prior to being mounted on the aperture.
The THz dielectric properties of the measured samples can be described by the frequency-dependent absorption coefficient [(), mm À1 ], obtained from the Beer-Lambert law as previously described (Tych et al., 2011) . This absorption coefficient was extracted from a fast Fourier transform of the time-domain electric field transmitted through the sample and from reference measurements of either free space for pelleted samples or the pinhole aperture for the crystal measurements. In order to calibrate the dynamic range of the experimental setup, the maximum detectable absorption coefficient max , over all frequencies, was calculated for the thickness and refractive index of each sample, using a method previously described by Uhd Jepsen & Fischer (2005) . For samples where the thickness could not be easily measured, in which only relative changes in material properties were of interest, we have calculated an extinction coefficient rather than a true absorption coefficient (Zhong et al., 2006) .
Results

Pressed pellet samples
Pellets of each HEWL concentration [25, 50, 75 and 100%(w/w)] were measured. The absorption coefficient of a 50%(w/w) HEWL pellet is shown in Fig. 1 , as an example. Unlike similar variable-temperature spectra obtained for small-molecule samples (Fan et al., 2007) , there are no clear absorption peaks present in the pellet samples at repeatable spectral positions (supplementary Fig. S5 1 ) .
Below the frequency cut-off, defined as the maximum detectable absorption coefficient for each pellet (dashed line in Fig. 1 ), changes were observed in the overall absorption coefficient with increasing temperature: the absorption coefficient at a single frequency for any one temperature was found to increase linearly with the concentration of HEWL in the pellet, as expected from the Beer-Lambert law ( Fig. 2a ).
More interestingly, when the absorption coefficient at a single frequency for each concentration is plotted with respect to temperature, a local minimum is found at 80-100 K for all concentrations , with the onset of linear behaviour starting at $100 K. We note that this is close to the lowtemperature ($100-120 K) inflection, linked to methyl sidegroup dynamics, previously observed in proteins using neutron scattering (Roh et al., 2006; Wood et al., 2008) . In these studies, Wood et al. used deuterated protein but not HEWL, and Roh et al. used HEWL that was not deuterated. The slight change in the slope of the temperature-dependent absorption coefficient at around 140 K is not consistently seen at different concentrations and frequencies; therefore we cannot attribute this to a real transition using the data presented here.
HEWL molecules have been shown to expand by up to $3% when heated from 95 K up to 295 K (Juers & Matthews, 2001) . No data are available for a greater range of temperatures than this, to the authors' knowledge. The change in The absorption coefficient for a 50% HEWL, 50% PTFE pellet measured at 4 K showing the detection limit ( max ) of the system for this sample, as calculated by Uhd Jepsen & Fischer (2005). absorption coefficient over all concentrations of HEWL is significantly greater than this (the smallest change for a single pellet over the temperature range from 4 K up to 290 K is $18%), meaning that the increase in absorption coefficient measured cannot be fully accounted for by changes in the thickness of the pellet. The greatest source of uncertainty in these measurements is not the thermal expansion of the samples but the measurement of the pellet thickness. This gives an uncertainty of AE10% in the calculated absorption coefficient for each pellet. This does not affect the measured relative changes in absorption coefficient for a single pellet with temperature.
Single-crystal measurements
Owing to experimental restrictions, data could only be recorded between 127 and 290 K for the single-crystal samples ( Figs. S3 and S4) . The THz frequency-dependent absorption coefficient was calculated, and a sudden increase was observed between 142 and 152 K in the crystals cryoprotected with 20% glycerol (Fig. 3) , close to the reported glass transition for a 30% glycerol in water mixture (Harran, 1978; Weik et al., 2004) . Transitions at similar temperatures have also been seen using THz-TDS for sorbitol-water mixtures and are proposed to be due to relaxation processes slowing down and shifting out of the spectral window covered by THz-TDS (Sibik et al., 2013) . This transition occurred in HEWL crystals in the absence of cryoprotectant at a similar temperature (between 138 and 148 K; Fig. 4 ), although the transition is less clearly defined. A slight increase in the transition temperature for the cryoprotectant-containing crystals would be in agreement with the difference in glass transition temperatures measured for water and glycerol solutions reported previously (Harran, 1978; Weik et al., 2004) . Tsai et al. (2000) also showed an increase in the transition temperature when glycerol was used as a solvent for lysozyme, over a range of different concentrations.
The absorption coefficient for each crystal sharply decreases above 160 K (Fig. S1 ), making it impossible to observe the 180-250 K dynamical transition. We suggest that Variable-temperature THz frequency material parameters at 0.8, 1.0, 1.2 and 1.4 THz of a HEWL crystal, cryoprotected with glycerol, measured from 127 to 197 K, showing the normalized absorption coefficient at each frequency. this drop in absorption corresponds to the onset of bulk solvent sublimation from the crystal. This is supported by our experiments conducted using crystallization mother liquor alone, in which the solution sublimed completely at a temperature of 160 K (manifesting as a drop to zero in the extinction curve; Fig. 5 ). The slight variation in the temperature (AE10 K) at which this sublimation begins is attributed to differences in the crystal size and the level of uncertainty in the temperature measurements (Fig. S2) . The data we present in Figs. 3 and 4 are therefore only shown up to the point where the absorption coefficient is at a maximum.
A second set of factors that may influence the changes in absorption coefficient between 127 and 160 K in HEWL crystals are those aspects of solvent and protein behaviour which occur as a result of confinement within a crystal lattice. Generally, flash cooling from room temperature down to 77 K reduces the volume of a protein crystal unit cell by between 2 and 7%, within which the protein molecules contract by between 1 and 3% in volume (Weik & Colletier, 2010; Young et al., 1994; Juers & Matthews, 2001) . As a result, an increase in the volume of the protein crystal with increasing temperature, which cannot be accounted for during the THz-TDS measurements, could also contribute to an increase in the absorption coefficient. However, this is not considered the dominant effect as, as in the pellet samples, the percentage change in the absorption coefficient we observe is much greater (between 15 and 30% for all crystals measured, over all frequencies).
Discussion
In glass-forming liquids, several material properties, including the viscosity and the heat capacity, undergo marked changes at the glass-transition temperature, T g (Angell, 1995) ; at this temperature, molecules that are trapped in a rigid state at lower temperatures become more mobile (Parak, 2003) . One useful quantitative measure of dynamic properties frequently used in neutron scattering and Mö ssbauer spectroscopy, for Variable-temperature THz frequency material parameters at 0.8, 1.0, 1.2 and 1.4 THz of an unprotected HEWL crystal, measured from 127 to 197 K, showing the normalized absorption coefficient at each frequency. example, is the mean square atomic displacement hx 2 i. A sharp change in hx 2 i at a given temperature is an indication that a change in the dynamical behaviour of the sample has occurred. Such sharp changes in hx 2 i have been observed in a variety of hydrated proteins (Chong et al., 2001; Ferrand et al., 1993; Mack et al., 2000) , polypeptides (Bajaj et al., 2008) and amino acids (Schiró et al., 2011) at temperatures between 180 and 240 K using Mö ssbauer spectroscopy, nuclear magnetic resonance (NMR) and neutron scattering experiments (Bajaj et al., 2008; Chong et al., 2001; Ferrand et al., 1993; Mack et al., 2000) , and at temperatures between 180 and 240 K using THz-TDS (Chen et al., 2005; He et al., 2008) . It is important to note that the temperature-dependent changes seen in these studies are not attributed to a true glass transition but rather to a change in the dynamical behaviour of the protein molecules within the sample, with similarities to the changes in material properties of liquids when they form a glass. This transition has been shown to occur in both unfolded and folded proteins, indicating that its existence does not depend on the protein's conformational state (He et al., 2008) , although it requires the sample to be at least minimally hydrated, with 0.2 g of water per gram of protein (Roh et al., 2006) . The dynamical transition has been linked to the onset of anharmonic protein motion. This is commonly accepted to occur at a temperature determined either by the solvent or the protein -whichever has the higher transition temperature .
Neutron scattering measurements of several proteins, in which samples were isotopically labelled in order to deconvolve the contributions of the solvent and the sample to the change in hx 2 i, have demonstrated that the temperature at which this dynamical transition occurs is strongly dependent on the solvent viscosity (Gabel et al., 2002; Tsai et al., 2000) . Molecular dynamics simulations further suggest that this dynamical transition is linked to changes in protein-water hydrogen-bonding patterns which occur as the water molecules become more mobile at higher temperature (Tarek & Tobias, 2002) . Finally, neutron scattering studies have provided evidence that the increase in protein hx 2 i that occurs at the dynamical transition is linked to an onset of biological function in some systems (Ferrand et al., 1993) , although work also involving neutron scattering has suggested otherwise (Daniel et al., 1998; Dunn et al., 2000) .
There is a second, lower-temperature inflection in hx 2 i, measured using neutron scattering. This less widely studied inflection has been shown to occur in proteins independently of hydration state, and has been experimentally observed at 100-120 K for lysozyme and 150 K for staphylococcal nuclease (Nakagawa et al., 2008; Roh et al., 2006) . Molecular dynamics and normal mode analysis have predicted this inflection for bovine pancreatic trypsin inhibitor (between 100 and 120 K) and myoglobin (150 K) (Hayward & Smith, 2002; Krishnan et al., 2008) . The low-temperature inflection appears to be specific to proteins and has not been observed in nucleic acids or solvent alone (Roh et al., 2009) . Measurements made using elastic incoherent neutron scattering of isotopically labelled solutions and dry powders of proteins, when combined with molecular dynamics simulations, have resulted in the hypothesis that this low-temperature dynamical transition is linked to the time scales of methyl group rotations entering the experimental time window of the instrument used, meaning that it is not a dynamical transition, as the temperature at which it occurs depends on the instrument used to measure it (Roh et al., 2006; Wood et al., 2010; Doster & Settles, 2005; Schiró et al., 2010) . In the HEWL pressed pellet samples studied here, a change in THz response was also observed between 80 and 100 K for all samples, at all frequencies measured.
In protein crystals, studies of the effect of temperature on protein structure and flexibility are complicated by a convolution of the effects of solvent expansion and lattice contraction as well as changes in the bound and bulk solvent (Kurinov & Harrison, 1995; Weik, 2003) . The solvent in crystals differs from bulk water both because it is confined by the protein molecules and because it contains solutes such as buffers and precipitants; this confinement results in a higher viscosity than that of bulk water (Weik & Colletier, 2010) . There are two suggested ways in which the solvent can affect protein dynamics: by frictional damping and by modifying the effective potential surface of the protein (Brooks & Karplus, 1989; Ré at et al., 2000; Smith et al., 1990) . Adding a cryoprotecting solvent such as glycerol, as is routine for low-temperature X-ray diffraction experiments on protein crystals, can increase the viscosity of the bulk solvent in the solvent channels of the crystal, and has been shown in neutron scattering measurements of lysozyme powder to change the temperature at which the second, hydration-dependent, dynamical transition occurs (Tsai et al., 2000) .
The transition that we measured in HEWL crystals occurred at a lower temperature than the typically reported dynamical transition for proteins (180-250 K; Bajaj et al., 2008; Chong et al., 2001; Ferrand et al., 1993; Mack et al., 2000; Doster et al., 1989) but is very close to the HEWL crystal true glass transition, T g , measured by differential scanning calorimetry of HEWL crystals at 150 K (Miyazaki et al., 2000) . Neutron scattering studies of HEWL crystals do not include measurements at this temperature (Bon et al., 2002) . Differential scanning calorimetry measurements of hydrated thin films of HEWL report a glass-transition temperature between 155 and 170 K, depending on hydration state (Panagopoulou et al., 2011) . This true glass transition where a phase change occurs in hydrated thin films has not been reported in neutron scattering studies; therefore a comparison between neutron scattering and THz-TDS is not currently possible. We did not observe this T g transition in lyophilized lysozyme pellets. However, a transition at this temperature was observed in crystallization mother liquor with and without glycerol, in the absence of protein (Fig. 5 ). This suggests that the glass transition measured calorimetrically at $150 K in HEWL crystals may be solvent mediated. Although the solvent channels in tetragonal lysozyme crystals are not large enough to permit the formation of crystalline ice (over 28 Å ) (Weik & Colletier, 2010) , it has been shown that water can be transported out of solvent channels over 10 Å in size (Juers & Matthews, 2004) and can then crystallize on the surface of the protein crystal (Weik et al., 2005) . As a result, the calorimetrically measured glass transition of the protein crystals at $150 K may be related to the onset of the crystallization of water that has been transported out of the protein crystal solvent channels (Weik & Colletier, 2010) .
Conclusions
We have presented THz-TDS measurements of pressed pellets of lyophilized HEWL and protein single crystals of HEWL, both of which reveal changes in the absorption coefficient as a function of temperature that correlate with known transitions.
It is important to consider the two sets of samples, the crystals and the pellets, separately, since the pressed pellets of lyophilized HEWL are amorphous and virtually dehydrated. They therefore have very different THz absorption properties from HEWL crystals, which contain a large amount of solvent within their channels and where the protein molecules are arranged in a crystalline structure. The observed transitions are also different in nature -whilst the low-temperature change in dynamical behaviour in the lyophilized pressed pellets may be related to the known low-temperature inflection in hx 2 i, the higher-temperature transition seen in the crystal samples correlates to the known phase transition or true glass transition of tetragonal HEWL crystals. As samples undergoing both types of transition exhibit a change in THz frequency dynamics it is possible to measure both using THz-TDS.
